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A B S T R A C T   
Calf bronchopneumonia is accompanied by increased level of circulating immune complexes (CIC), and we 
analysed size, and protein and lipid constituents of these CIC with an attempt to elucidate the connection be-
tween the CIC structural properties and their capacity to modulate leukocyte function. 
CIC of heathy calves (CICH) and calves with naturally occurring bronchopneumonia (CICD) were isolated by 
PEG precipitation and analysed by electrophoresis and chromatography. The predominant CIC proteins were 
IgG, albumin, and transferrin. Affinity isolated serum and CIC IgG coprecipitated several proteins, but only 75 
and 80 kDa proteins bound CIC IgG, exclusively. 60 and 65 kDa proteins co-precipitated with CICD IgG, unlike 
CICH IgG. In both CICH and CICD, oleic acid-containing phospholipids predominated. In CICD, the content of oleic 
and vaccenic acid was higher than in CICH, while myristic, palmitic, stearic, linoleic and arachidonic acid 
showed lower content. Dynamic light scattering displayed difference in particle size distribution between CICH 
and CICD; 1280 nm large particles were present only in CICD. 
The effect of CICH and CICD on mononuclear cells (MNC) and granulocytes was analysed in vitro. CICH and 
CICD, with slight difference in intensity, stimulate MNC apoptosis, promote cell cycle arrest of unstimulated 
MNC, and cell cycle progression of PHA stimulated MNC. Both CIC reduced granulocyte apoptosis after 24 h 
while after 48 h this effect was detected for CICD only. 
These results indicate that structural differences of CICH and CICD might interfere with the CIC functional 
capacity, which we consider important for evaluation of CIC immunoregulatory function.   
1. Introduction 
Bronchopneumonia, which with shipping fever form bovine re-
spiratory disease (BRD) complex, is one of the most frequent cause of 
calves' ailments around the world. The reason why an adequate im-
mune response is omitted to causative agents of bronchopneumonia in 
calves remains unclear to date. The infectious agents of virus (BHV-1, 
PI-3 V, BVDV, BRSV) and/or bacterial (Mannheimia haemolytica, 
Pasteurella multocida, Haemophilus somnus, Mycoplasma bovis) origin 
associated with BRD are omnipresent commensal in the cattle popula-
tion that induce illness when the host defence is depressed by en-
vironmental stress factors and inability of both innate and adaptive calf 
immune response to fully respond to antigenic stimulus due to the 
fragile nature of the immune system (Mosier, 2014). 
The highest incidence of bronchopneumonia occurs in calves be-
tween 2 and 6 months of age (Dabo et al., 2007). At this age the 
concentration of total serum immunoglobulin (Rajala and Castrén, 
1995), and of antibodies specific to some of bacterial pathogens asso-
ciated with bronchopneumonia (M. haemolytica, P. multocida) (Prado 
et al., 2006) is low due to degradation of passively acquired maternal 
IgG and insufficient synthesis of their own antibodies. The significance 
of antibody response in immune protection against calf bronchopneu-
monia has been confirmed in studies conducted on a model of experi-
mentally induced calf pneumonia (rev. in Corbeil, 2016). The results of 
those studies have shown that convalescent serum of calves infected 
with H. somnus, as well as serum of calves immunized with H. somnus 
outer membrane proteins, provide an efficient passive immune pro-
tection when applied to diseased calves. The immune response to H. 
somnus antigens is mediated by IgG antibodies of both IgG1 and IgG2 
subclass, but IgG2 subclass, whose synthesis is dependent on Th1-cell 
immune response (Estes and Brown, 2002), have shown to be of major 
protective importance. A research done by Cockrum et al. (2016) 
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reported a positive genetic correlation between bovine respiratory 
disease and total IgG and IgG1, but not IgG2, confirming the sig-
nificance of humoral immunity and IgG isotypes in protection against 
respiratory disease. 
It is known that antibodies acquire their effector function after 
binding to specific antigen which induces conformational changes in 
antibodies and formation of macromolecular immune complexes (Rojko 
et al., 2014). Immune complexes are increased in pneumonia infection 
in humans and their structure (size and immunoglobulin isotypes) is 
associated with the severity of the disease (Holloway et al., 1993;  
Mellencamp et al., 1987; Mizutani and Mizutani, 1986). Studies con-
ducted on rodent models showed that intra-alveolar deposits of IgG 
immune complexes induced immune cells and complement mediated 
inflammatory reaction in lung. Conversely, they also play an important 
role in terminating the inflammatory reaction and repairing of lung 
tissue (rev. in Ward et al., 2016). 
Deposits of immune-complexes in the lung tissue, together with 
histological findings of massive inflammation (McBride et al., 1999;  
Mulongo et al., 2015) indicate that immune-complexes play a role in 
the pathogenesis of calf bronchopneumonia. In our previous studies we 
showed that naturally occurring calf bronchopneumonia (P. multocida 
found in deep nasal swab), was accompanied by increased level of PEG 
precipitable circulating immune complexes (CIC) (Fratrić et al., 2012;  
Buač et al., 2016). The lectin blotting technique helped us reveal that 
CIC IgG of calves with bronchopneumonia express more sialic acid than 
IgG of healthy calves (Fratrić et al., 2012). Such glycosylation pattern 
indicates an anti-inflammatory phenotype of CIC IgG in diseased calves 
(Kaneko et al., 2006) and we assumed that this might be an attempt of 
calf's immune system to protect lung tissue from inflammatory damage. 
Conversely, this increase in IgG sialylation could be viewed as an in-
ability of calf's immune system to initiate the process of antigen elim-
ination, pointed out in Fratrić et al. (2012). 
Also, we have demonstrated that CIC in vitro modulated function of 
healthy calves' peripheral blood granulocytes (adhesion, ROS synthesis, 
and viability) and mononuclear cells (MNC) (adhesion, ROS synthesis, 
viability/proliferation and apoptosis). Based on our results we have 
assumed that CIC would be able to recruit quiescent calf's leukocytes 
from peripheral blood to the site of lung inflammation, and turn them 
into active, CIC related, effector cells. (Buač et al., 2016). 
It is known that immunoregulatory and pathogenic potential of 
immune complexes depend on their molecular composition and size 
(Mizutani and Mizutani, 1986; Mellencamp et al., 1987; Rojko et al., 
2014; Vermeren et al., 2018). According to our knowledge, structural 
characteristics of molecular constituents of CIC from healthy or dis-
eased calves, with an exception of study by Fratrić (Fratrić et al., 2012), 
have not been studied yet. 
In this study we have analysed proteins and lipid contents of healthy 
calves and calves with naturally occurring bronchopneumonia (P. 
multocida was found in deep nasal swab), using standard spectro-
photometric, electrophoretic, and chromatography techniques. The CIC 
size was analysed by dynamic light scattering (DSC). Taking into ac-
count that calf's humoral immune response to P. multocida is pre-
dominately IgG mediated (Prado et al., 2006) we have had devoted a 
part of this work to the analysis of IgG. In parallel with the analysis of 
IgG, proteins and lipids as CIC constituents, we have analysed these 
molecules in corresponding serum, which brought us to knowledge 
about the existing, specific differences between the two compartments 
i.e. specific constituents of CIC. In addition, we have tested, in vitro, 
whether the observed differences in the composition of protein and 
lipid constituents of CIC of healthy and diseased calves could have an 
impact on functional characteristics of MNC and granulocytes of 
healthy calves. The results of this study have filled in the gaps in our 
knowledge of calf bronchopneumonia and set possible future research 
directions. 
2. Material and methods 
2.1. Animals 
In this study, a total of 30, 92  ±  3 days old, 16 male and 14 female, 
Holstein-Friesian calves1 from a commercial farm owned by PKB Cor-
poration (Kovilovo, Belgrade, Serbia) were used as CIC donors. The use 
of animals was approved by the Ethical Committee of the Faculty of 
Veterinary Medicine, University of Belgrade, in accordance with the 
National Regulation on Animal Welfare. Biological material for this 
study was collected over the period December to February. 
All calves were clinically examined by a veterinarian. The calves 
were classified according to signs of respiratory disease as healthy 
(n = 15; 92  ±  5 days old, 8 male and 7 female calves) or diseased 
(n = 15; 92  ±  6 days old, 8 male and 7 female calves). Healthy ani-
mals had body temperature  <  39.5 °C, respiratory rate  <  40 min − 1, 
no nasal discharge, no coughing, and normal respiratory sounds. 
Diseased animals had at least three of the following clinical signs: body 
temperature ≥ 39.5 °C, respiratory rate ≥ 45 min − 1, nasal discharge, 
coughing or increased respiratory sounds. 
Deep nasal swab of both diseased and healthy calves was taken. 
Tests were done by applying conventional bacteriological methods and 
an automatic identification system, BBL Crystal 134 Enteric/non-
fermenter ID kit (Becton Dickinson GmbH, Heidelberg, Germany), at 
the Faculty of Veterinary Medicine, Belgrade. Serotype of isolated 
bacteria was determined in Veterinary Specialist Institute “Kraljevo”, 
Serbia. Although the presence of common, bronchopneumonia-causing, 
bacterial pathogens in calves (M. haemolytica, P. multocida, H. somnus, 
Mycoplsama, etc.) was analysed all samples acquired from diseased 
calves were positive only for P. multocida, serotype A, while other pa-
thogenic bacteria and fungi were not isolated. In nasal swab specimens 
of healthy calves, neither pathogenic bacteria nor fungi were isolated. 
The analysis of basic haematological parameters of peripheral blood 
of these calves was performed on the same day the nasal swabs were 
taken (before initiating the antibiotic treatment). The results of the 
analysis (Faculty of Veterinary Medicine, Belgrade; Hematology 
Analyzer 901,062, Diatron, Arcus, GmbH, Wien, Austria) showed that 
basic haematological indices of peripheral blood of calves with 
bronchopneumonia did not differ from those of healthy calves 
(Supplementary material, Table S1). 
Besides the calves used as CIC donors, three healthy calves, of same 
age (90 days old, 2 male and one female) and from the same farm, were 
used as donors of peripheral blood mononuclear cells (PB-MNC) and 
granulocytes, and served as responder cells in in vitro tests that are 
explained in the following subsections. 
2.2. Blood serum and CIC sampling 
Blood samples from healthy calves and calves with bronchopneu-
monia, prior to the treatment with antibiotics, were aseptically col-
lected via jugular vein puncture. Blood was collected into silicone 
coated plastic tubes with no anticoagulant (BD Vacutainer® Venous 
Blood Collection, BD Diagnostics, NJ, USA). All further steps were 
performed under aseptic condition. 
Blood serum was separated after spontaneous coagulation for 24 h 
at 37 °C, followed by 10 min centrifugation, at 22 °C, at 1257 x g. A 
1 mL volume was immediately used for the isolation of CIC (see below). 
In addition, two pooled serum samples were prepared, one of healthy 
and one of diseased calves (pSH and pSD, respectively). The protein 
concentration in individual and pooled serum samples was determined 
1 Serum IgG concentration after first colostrum intake was not determined for 
calves included in this study. Reported incidence of failure of passive transfer 
(< 10 g/L serum γ globulin, after the first colostrum intake) for the Kovilovo 
PKB farm was 34.5% (Stojić et al., 2017). 
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by BCA assay using a commercially available kit (Pierce, Rockford IL, 
USA). 
CIC were isolated by PEG precipitation assay (Fratrić et al., 2006). 
PEG (3%) precipitated proteins were redissolved in 1 mL PBS, and the 
optical density at 350 nm (OD350) was measured on Ultrospec 3300 pro 
spectrophotometer (Amersham Bioscience, Uppsala Sweden). Two 
pooled CIC samples were performed, one of healthy and one of diseased 
calves (pCICH and pCICD, respectively). 
After having measured the protein concentration of all serum and 
CIC samples they were aliquoted and stored at −70 °C until use. 
2.3. Protein G and Protein A affinity chromatography 
Protein G and Protein A DynaBeads matrix (Invitrogen, Grand 
Island, NY, USA) were used for the affinity isolation of serum IgG and 
CIC IgG. The beads (40 μL) were added in a 120 μL volume of undiluted 
pCICH and pCICD or in the same volume of 6-time diluted pSH and pSD. 
After 40 min mixing on an orbital shaker at 22 °C, the beads were 
precipitated by centrifugation, and washed four times with PBS. Bound 
proteins were released by the sorbent boiling in 100 μL of 2× non- 
reducing (125 mM Tris, pH 6.8, 4% SDS, 20% glycerol, 0.02% bromo-
phenol blue) or 100 μL 2× reducing (125 mM Tris, pH 6.8, 4% SDS, 
20% glycerol, 0.2 M 2-ME, 0.02% bromophenol blue) sample buffer. 
The beads were precipitated by centrifugation, and aliquots of the su-
pernatants with isolated IgG were stored at −20 °C. 
2.4. Polyacrylamide gel electrophoresis (PAGE) of proteins and lipoproteins 
Non-reducing and reducing SDS-PAGE were used for the analysis of 
total serum and CIC protein, and Protein A or G isolated serum and CIC 
IgG. The electrophoresis in 1 mm tick 4% stacking gel pH 6,8, and 8% 
running gel pH 8,8, both with 0,1% SDS, was carried out in SE 260 
Mighty Small II Vertical Slab Electrophoresis Unit (GE HealthCare 
LifeScience, NJ, USA) (Fratrić et al., 2012). Protein bands were visua-
lized using Coomassie brilliant blue R-250 (CBB) or silver staining 
(Mortz et al., 2001). Densitometry was performed using the Image-
Master Total Lab TL 120 software. Pre-stained protein molecular size 
markers (Invitrogen USA) were used to estimate apparent molecular 
mass of isolated protein. 
Native PAGE of total serum and CIC proteins and lipoproteins in 
1 mm tick 4% stacking gel pH 6,8, and 8% running gel pH 8,8 
(Radaković et al., 2018), was carried out in above mentioned device. 
After the electrophoresis, proteins were visualized with CBB staining 
and lipoprotein as Sudan black (Bio Basic Inc., Houston, TX) staining. 
Densitometry was performed as described above (PAGE of proteins and 
lipoproteins subsection). 
2.5. Agarose gel electrophoresis of lipoproteins 
SAS-MX Lipoprotein kit (Helena BioSciences Europe, UK) was used. 
Serum lipoproteins were separated according to the manufacturer's 
instruction, visualized by using Fat Red 7B stain. 
2.6. One-dimensional thin-layer chromatography (TLC) of lipids 
The analysis was performed as described in Veselinovic et al. 
(2017). Serum lipids were extracted with chloroform-methanol mixture 
(2:1 v/v), chloroform phase was vacuum evaporated and lipids were re- 
dissolved immediately in chloroform. TLC on silica gel GF plates 
(Merck, Darmstadt, Germany), was used for the separation and identi-
fication of lipids. For lipid separation, the solvent system was petroleum 
ether-diethyl ether-acetic acid (87:12:1 v/v). After the development, 
lipid spots were visualized using iodine vapour staining. The plates 
were scanned and the chromatogram was analysed by densitometry. 
The lipids were identified based on their chromatographic mobility in 
the standard mixture (C.f.a.s., Calibrator for automated systems; Roche 
Diagnostics, IN). 
2.7. Gas chromatographic analysis of phospholipid fatty acids 
The phospholipid (PL) fraction was separated from other lipid 
subclasses via silica thin-layer chromatography in a neutral solvent 
system (petrol ether: diethyl ether: acetic acid, 87:12:1 v/v). The 
phospholipids fraction was placed in screw-capped glass test tubes for 
methylation. The fatty acids methyl esters were prepared as described 
previously (Veselinovic et al., 2017) with slight modifications. In the 
test tube 1.5 mL hexane and 0.2 mL of 2 N NaOH was added into me-
thanol and heated at 85 °C for 1 h, and then 0.2 mL of 1 M H2SO4 in 
methanol was added and heated at 85 °C for 2 h. After cooling to room 
temperature and centrifugation at 1860 ×g, for 15 min, the hexane 
layer was dried under a stream of nitrogen. Prepared methyl esters were 
dissolved in 20 μL of hexane. Fatty acids analysis was started with the 
injection of 1 μL of sample into the gas-liquid chromatography device 
(Shimadzu GC 2014, flame ionization detector, Rtx 2330 column 
60 m × 0.25 mm ID, film thickness 0.2 μm, Restek, Bellefonte, PA, 
USA). FA was identified according to the retention time of samples in 
comparison with the standards (Sigma Chemical Co., St. Louis, Mis-
souri, MO, USA) and (PUFA)-2 standard mixture (Restek Co., Belle-
fonte, Pennsylvania, PA, USA), and expressed as a relative percentage of 
the total FA. 
2.8. Lipid peroxidation 
The degree of lipid peroxidation was determined spectro-
photometrically, based on the concentration of thiobarbituric acid re-
active substances (TBARS) in the sera, by the method of Ohkawa et al. 
(1979). The absorption of TBARS, as a lipid peroxidation marker, was 
measured at 530 nm using 2-thiobarbituric acid (2,6-dihydroxypyr-
imidine-2-thiol; TBA). For the calculation, an extinction coefficient of 
156,000 mol−1 was used. 
2.9. Dynamic light scattering (DSC) 
In order to determine the size (hydrodynamic radius, Rh) of particles 
present in native and heat aggregated bovine IgG and the PEG pre-
cipitable CIC, DSC measurements were performed using a Zetasizer 
Nano ZS device (Malvern Instruments, U.K.). The instrument has dia-
meter measurement range from 0.6 nm to 6 μm and it was equipped 
with Zetasizer software version 7.03. The size measurement of pooled 
non-diluted samples was carried out at 25 °C in single-use polystyrene 
cuvettes. The same device was used to measure zeta (electro-kinetic) 
potential of CIC, and native and heat aggregated IgG, in a disposable 
folded capillary cell (DTS 1060). 
2.10. In vitro analysis of apoptosis and cell cycle of peripheral blood 
leucocytes 
Blood of healthy calves was drawn from the jugular vein into 50 mL 
sterile tubes containing 5 mL 3.8% sodium-citrate. Mononuclear cells 
(MNC) (lymphocytes and monocytes) and granulocytes were isolated by 
whole blood centrifugation over a density gradient as described in Buač 
et al. (2016). MNC and granulocytes were resuspended in RPMI 1460 
cell culture media (Sigma-Aldrich) supplemented with 10% foetal bo-
vine serum (FBS) (PAA Laboratories, Austria). 
MNC (5 × 105/500 μL/well of 24 well plate) were cultured for 24, 
48 and 72 h, with or without 2.5 μg/mL PHA (INEP, Zemun, Serbia). 
Pooled CIC (50 μl) were added in both PHA stimulated and un-
stimulated MNC cultures. In control cultures, instead of CIC, 50 PBS μl 
was added. After the cell culturing period has passed, 1 × 105 MNC 
were washed with PBS, fixed in absolute ethanol (10 min at 4 °C), wa-
shed with PBS, resuspended in PBS with 1% Triton x-100 and 0.1 mg/ 
mL of RNase A (Thermo Fisher Scientific, USA), and stained with 
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propidium iodide (Beckman Coulter, USA) (50 μg/mL; 15 min at 37 °C). 
After staining, the cells were analysed with BD FACSCalibur (Becton 
Dickinson, Franklin Lake NJ, USA), using Cell Quest Pro (Becton 
Dickinson) software. 
Granulocytes (5 × 105/500 μL/well of 24 well plate) were cultured 
for 24 and 48 h with addition of 50 μl of pooled CIC or PBS (control 
culture). After the cell culturing period has passed, cells were washed 
with PBS, and stained with Annexin V-FITC (Beckman Coulter 
International SA, Nyon, Switzerland) and propidium iodide, according 
to the manufacturer's instruction. After staining, the cells were analysed 
with flow cytometry as described. 
2.11. Statistical analyses 
A descriptive statistics calculation was performed on each para-
meter separately, in the blood serum and CIC samples, of healthy and 
calves with bronchopneumonia, using SPSS v.25 software. To test for 
the normality of data, Kolmogorov-Smirnov test for normality was used 
which showed a normal distribution of data for most of the results. 
Significant differences between the two groups was determined by 
using two-tailed t-test. OD350 of PEG precipitates of calves with 
bronchopneumonia was found to significantly deviate from normality, 
and the Mann-Whitney-U test was applied for non-parametric analysis, 
to evaluate the differences between the healthy and diseased calves. 
Differences with p-values < 0.05 were considered significant. 
3. Results 
3.1. Level of PEG precipitable CIC of three-month-old calves with 
bronchopneumonia 
The OD350 level of CIC of diseased calves (CICD) was 0.331  ±  0.196 
and was 77% higher (p = 0.001) than the OD350 level of CIC of healthy 
calves (CICH) (0.187  ±  0.065) (Fig. 1). The level of CIC did not cor-
relate significantly with the concentration of serum IgG (given in  
Table 1) in any group of calves. 
3.2. Blood serum and CIC proteins of calves with bronchopneumonia 
Firstly, protein content in individual CICD and CICH samples and 
serum samples of healthy calves and calves with bronchopneumonia 
(SH and SD, respectively) were analysed using polyacrylamide gel 
electrophoreses. 
In SDS-PAGE, under non-reducing conditions, the proteins of all 
individual serum and CIC samples were separated into four major 
fractions: 1) high molecular weight proteins (HMW proteins; 
˃160 kDa); 2) IgG (150–160 kDa; Butler, 1983)2; 3) transferrin (78 and 
72 kDa; Tsuji et al., 1984); and 4) albumin (66 kDa; Tsuji et al., 1984) 
(Fig. 2). The concentration of total proteins, HMW proteins, IgG and 
transferrin was higher in SD then in SH samples. However, concentra-
tion of total proteins, and protein fractions in CICD did not differ from 
those in CICH (Table 1). The IgG fraction in all, serum and CIC, analysed 
samples was not electrophoretically homogeneous, but consisted of 
three or four partially superimposed sub-fractions (Fig. 2). In order to 
reduce the impact of large individual variability in the electrophoretic 
mobility of IgG, pooled serum (pSH and pSD) and CIC (pCICH and 
pCICD) samples were prepared. 
With non-reducing SDS-PAGE we compared electrophoretic patterns 
of pCICH and pCICD and corresponding serum (pSH and pSD) with an 
aim to identify CIC specific proteins. The analysis pointed out to high 
molecular weight protein zone (> 160 kDa) as most pronounced in 
terms of differences between the serum and CIC samples. 
Electrophoresis of pooled CIC and serum samples showed non-homo-
geneous IgG bands, but the fine difference in IgG fraction between 
corresponding CIC and serum samples was not detected. In addition, 
the serum lowest molecular weight protein fraction that was detected in 
pSH and pSD, had no its counterpart in any pCIC sample (Fig. 3A1 and  
3A2). Even though the difference in the zone of 80–140 kDa proteins 
existed, it could have only been observed in overloaded gels (Fig. 3 A2). 
At this point the electrophoresis applied could not detect the disease 
specific proteins in either pCICD or pSD. 
Native PAGE separated pSH, pSD, pCICH and pCICD proteins into five 
fractions: albumin, α1, α2, β, and γ globulin (Fig. 3B). CIC samples 
from both healthy and diseased calves contained higher proportion of 
cathodic γ globulin, and very low level of α1 globulin as compared to 
corresponding serum (Fig. 3B; Supplementary material, Fig. S2). The 
disease-specific proteins were not detected in either pCICD or pSD. 
Fig. 1. The CIC level of healthy calves (H) and calves with bronchopneumonia 
(diseased; D). The CIC level is expressed as OD350 value of PEG precipitated 
blood serum proteins. (■) - Mean value; (Line inside the box) – Median value; 
(Box) - 25% to 75% range of the value; (+) minimum and maximum values. 
Horizontal line: a statistically significant difference in the value of OD350 be-
tween healthy and diseased calves. 
Table 1 
Concentration of total proteins and of major protein fractions (identified with 
non-reducing SDS-PAGE) in blood serum and CIC of healthy calves and calves 
with bronchopneumonia.         
Healthy calves 
Total protein HMW IgG Transferrin Albumin  
Serum 63  ±  10 3  ±  3 15  ±  5 5  ±  2 36  ±  8 
(g/L) (48–80) (1−11) (9–24) (2−10) (24–46) 
CIC 2.0  ±  0.3 0.07  ±  0.03 0.6  ±  0.2 0.2  ±  0.1 1.0  ±  0.2 
(g/L) (1.5–2.7) (0.05–0.15) (0.4–1.0) (0.1–0.4) (0.7–1.4)   
Bronchopneumonic calves  
Total protein HMW IgG Transferrin Albumin 
Serum 70  ±  12⁎ 6  ±  4⁎ 19  ±  4⁎ 8  ±  3⁎ 31  ±  12 
(g/L) (60–111) (1–15) (8–30) (2−12) (17–54) 
CIC 2.0  ±  0.5 0.06  ±  0.03 0.7  ±  0.4 0.2  ±  0.1 1.0  ±  0.2 
(g/L) (1.4–3.9) (0.02–0.15) (0.3–2.4) (0.1–0.4) (0.7–1.5) 
The data are presented as the mean  ±  SD and minimum through maximum 
values of given range (in the parenthesis); HMW – high molecular weight 
proteins, > 160 kDa; (*) – Significant difference (p  <  0.05) between the 
groups (healthy vs diseased) in the concentration of total serum protein or 
serum protein fractions.  
2 Bovine serum IgA is exclusively dimeric form (Duncan et al., 1972), and 
could not be present in this fraction). 
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IgG was isolated from pSH and pSD and pCICH and pCICD by affinity 
precipitation on Protein G and Protein A sorbent. SDS-PAGE under non- 
reducing conditions showed that all isolates contained a fraction with 
the same electrophoretic mobility as the IgG fraction in unfractionated 
serum and CIC (CBB staining; Supplementary material, Fig. S3). A more 
precise analysis of these IgG isolates was carried out by the use of silver 
staining protocol, after SDS-PAGE analysis in non-reducing and redu-
cing conditions (Fig. 3C1 and 3C2). 
Non-reducing SDS-PAGE (Fig. 3C1) showed a massive protein frac-
tion (160 kDa) in all the isolates which, based on the molecular weight, 
corresponds to calf's IgG. IgG precipitation was accompanied by co- 
precipitation of other proteins. On Protein G isolated pSH and pSD IgG, 
the proteins of following molecular weights: > 250, 140, 120, 55 (as 
more intense bands), 45, 44 and 40 kDa were captured. All these co-
precipitates were also captured on Protein G isolated pCICH and pCICD 
IgG. Additionally, two other proteins of 80 and 75 kDa, co-precipitated 
with IgG from both pCICH and pCICD. The 65 and 60 kDa proteins were 
detected only in pSD and pCICD Protein G isolates. 
Proteins of following molecular weights: > 250, 140, and 55 kDa 
(as more intense bands) were captured on protein A isolated pSH IgG. 
Two proteins of > 250 and 55 kDa molecular weight co-precipitated 
with IgG from both pCICH and pCICD. 
SDS-PAGE analysis under reducing conditions detected the fol-
lowing protein bands in pSH, pSD, pCICH and pCICD IgG isolates (Fig. 3 
C2): 1) two protein bands with molecular weight of 60 and 50 kDa, 
corresponding to γ1 and γ2 bovine IgG1 and IgG2 heavy chains (Butler, 
1983), and 2) two protein fractions of 27 and 25 kDa, corresponding to 
bovine immunoglobulin light chains (Butler, 1983). The 60 kDa band 
was more intense in IgG isolates from pSD (Protein A) and pCICD 
(Protein A and Protein G) than in IgG isolates from pSH and pCICH. In 
CIC and serum isolates, a 180 kDa protein was present. Additionally, a 
non-intense band of 65 kDa protein was captured on Protein A pSD 
isolate. Protein G pSD isolates contained 40 kDa and 35 proteins as 
oppose to pSH. There was only 80 kDa protein isolated on Protein G CIC 
vs serum. 
To conclude, except for 60 and 65 kDa proteins, we did not detect 
other proteins that selectively co-precipitate with pCICD IgG as 
compared to pCICH IgG. However, more intense staining of proteins co- 
precipitated with IgG, on both protein A and protein G, was observed in 
pCICD isolates as compared to pCICH isolates. 
3.3. Blood serum and CIC lipids of calves with bronchopneumonia 
Lipoproteins in pSH, pSD, pCICH and pCICD samples were analysed 
by agarose gel electrophoresis and native PAGE. When running agarose 
gel electrophoresis, α (HDL)- and β (LDL)- lipoproteins, and chylomi-
crons were detected in both pSH and pSD (Fig. 4 A1). The content of β 
lipoprotein fraction was elevated in pSD as compared to pSH (Fig. 4 A2). 
In both pCICH and pCICD only one lipoprotein fraction with broad pre- 
to post-β electrophoretic mobility was found (Fig. 4 A1). Lipoproteins in 
pSH and pSD (Fig. 4 B1) were separated by Native PAGE analysis into 
chylomicrons (denoted as fraction I), two cathodic (fractions II and III) 
and one anodic lipoprotein fraction (fraction IV). pSD showed increased 
lipid content in fraction II (Fig. 4 B2) as compared to pSH. Native PAGE 
separation revealed in both pCICH and pCICD one broad, cathodic li-
poprotein band (Fig. 4 B1). 
Lipid classes of pSH, pSD, pCICH and pCICD was analysed by one- 
dimensional TLC. Both (pSH and pSD) serum samples contained neutral 
lipids (cholesteryl esters, triglycerides, free fatty acids, cholesterol) and 
phospholipids, with the preponderance of cholesteryl esters (> 60%). 
In both pCICH and pCICD more than 80% of total lipids were phos-
pholipids; neutral lipids: cholesteryl esters, triglycerides, and free fatty 
acids were also present. 
Since phospholipids predominated over neutral lipids in CIC, the 
fatty acid content in this class of lipids was analysed. Coefficient of 
variation for the content of specific/single fatty acid in individual 
serum and CIC samples was high (30−〉100%), and in order to reduce 
the impact of large individual variability, the fatty acids content of 
pooled serum (pSH and pSD) and CIC (pCICH and pCICD) samples was 
analysed (Fig. 4 E1 and 4 E2). Saturated (SFA), monounsaturated 
(MUFA) and polyunsaturated (PUFA) fatty acids were detected in both 
serum and CIC phospholipids (Supplementary material; Fig. S4, table 
S4), but the fatty acid composition in phospholipids for serum and CIC 
samples were different, and it was related to calf's health condition. 
Fig. 2. Non-reducing SDS-PAGE of blood serum and CIC proteins of healthy (A) and calves with bronchopneumonia (B). A1 and B1 - blood serum; A2 and B2 – CIC; 
CBB staining. T – Transferrin, A – Albumin, M – molecular weight markers: 250, 160, 120, 90, 70, 50 и 35 kDa. 
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In pSH phospholipids the most abundant was oleic acid (43%), and 
only stearic, linoleic and palmitic acid exceeded the level of 10%. pSD 
phospholipids, as compared to pSH, had an elevated level of stearic and 
all PUFA (with an exception of docosatetraenoic acid), and reduced 
level of myristic, palmitoleic, oleic, vaccenic and docosatetraenoic acid. 
Oleic, linoleic, and stearic acids were represented almost equally (20%, 
24%, and 28%, respectively) in pSD. 
In pCICH and pCICD phospholipids, the predominant fatty acid was 
oleic (> 60%) followed by palmitic acid (> 10%). In pCICD phospho-
lipids the percent of SFA (myristic, palmitic and stearic acid) was 
slightly reduced. The content of MUFA was either slightly elevated 
(oleic and vaccenic acid) or unchanged (palmitoleic acid). With regard 
to PUFA, the percent of linoleic and arachidonic acid was decreased in 
pCICD, while the percent of dichomo-γ linoleic acid remained un-
changed. 
In diseased calves the level of lipid hydroperoxide in both individual 
and pooled serum and CIC did not differ from that in healthy calves 
(Table 2). 
3.4. Particle size in CIC of calves with bronchopneumonia 
DSC, as a method, has been used for the first time to analyse the 
particle size in bovine immune complexes. Therefore, in our pre-
liminary experiment, with an aim to confirm whether calf immune 
complexes can be studied with this method, we analysed particle size in 
heat aggregated calf serum IgG, which is an in vitro analogue of im-
mune complexes. The result showed that aggregated IgG molecules are 
comprised of larger colloid particles unlike the native molecules (Supp. 
Fig. S5.1). Besides, the heat aggregated IgG revealed higher OD350nm 
level and zeta potential when compared to native IgG (Supp. Fig. S5.2). 
After having confirmed that particle size of native and aggregated 
bovine IgG can be measured by DSC, our next step was to analyse pCICH 
and pCICD. The obtained DSC results showed that the size distribution 
of colloidal particles differed in these two samples (Fig. 5). In pCICH, 
particles with hydrodynamic radius of 220 and 615 nm were dominant, 
and particles with 12 nm (which correspond to native bovine IgG; Lu 
et al., 2012), 18 nm, 91 nm, and 6 μm radii were also detected. In pCICD 
the predominant particles were the ones with hydrodynamic radius of 
165 and 1280 nm; the particles with 33 nm radius were also present. In 
pCICD, the particle size that would match the radius of native bovine 
IgG was not found. 
The increase in pCICD particle size was followed by an increase in 
the OD350 level (pCICD – 0.331 vs pCICH – 0.175) as well as in increase 
in zeta potential (pCICD – 12.1 mV vs pCICH - 11.4 mV). 
Fig. 3. Electrophoretic analysis of serum and CIC protein of healthy calves and calves with bronchopneumonia: Analysis of pooled serum and CIC sample. (A) non- 
reducing SDS-PAGE, A1) 10 μg proteins, A2) 25 μg proteins; CBB staining; A - albumin; T – transferrin; ⁑, high molecular weight proteins (> 160 kDa); ‡, 140–80 kDa 
proteins; ►, low molecular weight serum proteins. (B) Native PAGE, CBB staining; γ, β, α1, α2 - γ, β, α1, α2 globulins, A – albumin; �, serum α2 globulin. SH and SD 
– serum of healthy and diseased calves; CICH and CICD – CIC of healthy and diseased calves; CBB staining. (C) Protein G and protein A affinity isolated serum and CIC 
IgG. C1) non-reducing SDS-PAGE; C2) reducing SDS-PAGE; silver staining. GH - Protein G isolates, healthy calves; GD - Protein G isolates; diseased calves; AH - Protein 
A isolates; healthy calves; AD - Protein A isolates; diseased calves; Arrow: C1–75 and 80 kDa proteins; C2–80 kDa protein. 
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Fig. 4. Lipids in serum and CIC of healthy calves and calves with bronchopneumonia. C Analysis of pooled serum and CIC of (H) healthy (H) and diseased (D) calves. 
(A) Agarose gel electrophoresis of serum and CIC lipoproteins; Fat red staining; A1) Electrophoretogram; Left panel - Intensity of CIC lipoprotein electrophoretogram 
was software-enhanced; Chylo –chylomicrons, LP – lipoproteins; A2) Densitometric analysis of serum lipoprotein fractions. (B) Native PAGE of serum and CIC 
lipoproteins; Sudan black staining; B1) Electrophoretogram; B2) Densitometric analysis of serum lipoprotein fractions. (C) TLC identification of blood serum and CIC 
lipids; S-Lipid standard, CE - Cholesteryl esters, TG - triglyceride, FFA-free fatty acids, C - cholesterol, PL - phospholipids; TLC chromatogram of serum neutral lipid is 
adopted from Kovačić et al., (2017). (E) Gas chromatography of serum (E1) and CIC (E2) phospholipids fatty acids. 
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3.5. Effects of CIC of calves with bronchopneumonia on peripheral blood 
leucocytes of healthy calves: in vitro analysis 
The effect of pCICH and pCICD on MNC and granulocyte apoptosis, 
and MNC cell cycles were analysed using in vitro tests and flow cyto-
metry. 
Three MNC populations were identified based on their FSC/SSC 
characteristics and reactivity with propidium iodide in 24, 48, and 72 h 
culture of unstimulated- and PHA stimulated MNC: 1) apoptotic MNC 
(cells with fragmented DNA; more than 85% of DNA in subG1 peak), 2) 
small MNC and 3) large MNC (Supplementary material; Fig. S6.1 and 
S6.2). The percent of MNC in these three subpopulations was time and 
mitogen dependant. MNC apoptosis was stimulated by the addition of 
either pCICH or pCICD (the most pronounced effect was in 72 h culture 
of PHA stimulated MNC) (Fig. 6 A2), also the reduced number (ex-
pressed as a percentage) of small MNC was detected (the most pro-
nounced effect detected in the same culture) (Fig. 6 A2). The effect of 
both pCICH and pCICD on large MNC was inhibitory (24 and 72 h cul-
ture), stimulatory (48 h culture of PHA stimulated MNC) or below the 
detection level (48 h culture of unstimulated MNC) (Fig. 6 A3). Al-
though CIC of both groups of calves were acting likewise, a small dif-
ference in the intensity of the reaction induced was notified. 
The effect of these CIC on the cell cycle of MNC was analysed in 72 h 
culture G0/G1 (Supplementary material; Fig. S6.2). In the culture of 
both unstimulated and PHA stimulated MNC most of the cells (both 
large and small) were in the G0/G1 phase of the cell cycle, but in the 
population of large lymphocytes, the percentage of cells in the G0/G1 
phase was lower. CIC of both healthy and diseased calves arrested, in 
the G0/G1 cell cycle phase, the unstimulated MNC, but stimulated the 
cell cycle progression of PHA stimulated MNC (Fig. 6 B1 and 6 B2). 
The effect of the CIC on granulocytes was analysed in 24- and 48 
cultures. The decrease in number (percent) of granulocytes in the cul-
ture with time was notified. Additionally, both pCICH and pCICD re-
duced the number (expressed as a percentage) of granulocytes in 24 h 
culture; the effect of CICD was slightly more pronounced. After 48 h, 
CICH showed a slight increase in the number (percent) of granulocytes 
in the cell culture as compared to CICD (Fig. 6 C1). 
The level of granulocyte apoptosis was analysed by flow cytometry, 
determining the percentage of cells in early (bound Annexin V-FITC) 
and late-stage (bound Annexin V-FITC and internalized PI) apoptotic 
events (Supplementary material; Fig. S6.3). In 24 h culture 30% of early 
apoptotic cells and 1% in the late phase of apoptosis were present. In 
48 h culture there was 40% early apoptotic and 10% late apoptotic 
cells. pCICD showed a decrease in the number (percent) of apoptotic 
granulocytes in 24 and 48 h culture; pCICH showed the anti-apoptotic 
effect in 24 h culture only (Fig. 6 C2). In 24 h culture the CIC anti- 
apoptotic effect was a result of decreased number (percent) of early 
apoptotic cells, but in 48 h culture both stages of apoptosis were af-
fected equally (data not shown). 
4. Discussion 
This study assessed the protein and lipid components, and the size of 
CIC of three-month-old calves diagnosed, based on clinical score, as 
mild form of bronchopneumonia. P. multocida was only bacterium 
found in deep nasal swab of these calves. Autio et al. (2007) reported 
that P. multocida was the most common bacterial pathogen isolated 
from tracheobronchial lavage of non-vaccinated, non-medicated calves 
and also indicated that more than 75% of these isolates are assigned to 
single but not mixed infection. Nikunen et al. (2007) demonstrated 
strong relationship between the presence of P. multocida in bronch-
oalveolar lavage of diseased calves and both, clinical signs of disease 
and increased concentrations of acute phase proteins, which indicated a 
strong pathogenic role of this bacterium in BRD. In the present study 
bronchoalveolar lavage fluid was not collected. However, DeRosa et al. 
(2000) showed that nasal swab cultures of calves with bronchopneu-
monia are representative of their lung isolates, and for all the reasons 
mentioned above we consider P. multocida responsible for bronch-
opneumonia of diseased calves in our study. 
At the age of three months maternal antibodies, reactive with the 
bacterium are catabolised (Prado et al., 2006), and calves synthetize 
their own IgG antibodies (Ishikawa and Konishi, 1982), which have the 
capacity to form immune complexes (Fratrić et al., 2010). Therefore, 
Table 2 
Lipid peroxidation (MDA concentration) in blood serum and CIC of healthy 
calves and calves with bronchopneumonia.        
MDA (nmol/L) 
Sample  Healthy Bronchopneumonic  
Serum Individual 31.3  ±  5.9 29.9  ±  8.7   
(23.0–41.4) (16.9–38.8)  
Pooled 26.1 28.7 
CIC Individual 1.1  ±  0.5 2.2  ±  1.5   
(0.6–1.9) (0.7–4.6)  
Pooled 1.0 1.9 
The summary data for individual samples are presented as the mean  ±  SD and 
minimum through maximum values of given range (in the parenthesis).  
Fig. 5. Intensity based particles size distribution in pooled samples of CIC from healthy calves and calves with bronchopneumonia obtained by dynamic light 
scattering (DSC). The results are presented as mean curves of 15 replicates for each CIC sample (Supplementary material, Fig. S5.3). 
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we believe that the immune complexes, analysed in this study, are 
formed as a result of active immune response of the new born calves, 
i.e. not associated with maternal antibodies. 
The PEG precipitation method for CIC isolation is applied after we 
had confirmed that PEG precipitates only heat aggregated bovine IgG 
(in vitro analogue of immune complexes) but not native bovine IgG 
(Fratrić et al., 2006). An elevated CIC level in calves with bronch-
opneumonia has been detected, which relates to our earlier work 
(Fratrić et al., 2012; Buač et al., 2016). The CIC level in the calves with 
bronchopneumonia did not correlate with their serum IgG level, which 
is akin to the results obtained with human pneumococcal pneumonia 
(Mellencamp et al., 1987; Holloway et al., 1993). These results in-
directly confirm the PEG precipitation of IgG immune complexes solely. 
It is believed that CIC is composed of immune complexes that are 
formed at the site of inflammation and return to the circulatory system 
via the lymph flow. Although CIC represent only a small fraction of 
immune complex formation during the disease, they are an appropriate 
model for studying immune complexes when the isolation cannot be 
performed directly from the site of inflammation. 
It is known that PEG precipitates high (> 19S) or intermediate (8 to 
19S) molecular weight immune complexes (Poulton et al., 1983). It 
might also deposit other blood proteins: albumin, transferrin, hap-
toglobin, fibronectin, alpha 1-antitrypsin, complement proteins, in ad-
dition to immunoglobulins (Robinson et al., 1989). On non-reducing 
SDS-PAGE and native PAGE we found that CIC, apart from IgG, contain 
other serum proteins, it is just that electrophoretic pattern of serum and 
CIC proteins is different. As reported in Robinson et al. (1989) it is not 
clear if these proteins specifically recognize and bind immune com-
plexes as their integral part, or coprecipitate as a result of non-specific 
protein aggregation. 
The immune response to bovine pasteurellosis is mediated by anti-
bodies (Dabo et al., 2007) and P. multocida specific serum IgG and IgM 
antibodies were detected in serum of three months old calves (Prado 
et al., 2006; Corbeil, 2016). However, this work was focused on IgG 
antibodies which represent dominant immunoglobulin isotype in serum 
of three months old calves (Ishikawa and Konishi, 1982; Rajala and 
Castrén, 1995). SDS-PAGE under non-reducing conditions showed that 
the IgG fraction in both serum and CIC samples was not electro-
phoretically homogeneous but consisted of three or four partly super-
imposed precipitin lines, subfractions. Displaying such electrophoretic 
“behaviour “was not an unexpected feature of bovine IgG. Namely, 
back in 1983 Butler delineated bovine IgG as an infraclass of 
Fig. 6. Effect of CIC of healthy calves and calves with bronchopneumonia on healthy calves' peripheral blood mononuclear cells (MNC) and granulocyte. (A) MNC 
apoptosis and (A1) and percentages of small and large (A2 and A3) MNC in 24, 48 and 72 h culture. (B) MNC cell cycle in 72 h culture: small (B1) and large (B2). MNC 
were cultured with or without PHA (MNC; MNC + PHA). (C) Percentage of granulocytes in the cell culture (C1) and percentage of apoptotic granulocytes (C2) in 24- 
and 48 h culture. C – Control; CIC_H – the cells cultured with CIC of healthy calves; Apoptotic granulocytes are the cells in early and late apoptotic stage. CIC_D – the 
cell cultured with CIC of diseased calves. CIC were pooled samples of 15 healthy and 15 calves with bronchopneumonia. 
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immunoglobulin, due to their enormous antigenic and biochemical 
heterogeneity. We are of the view that IgG superimposed fractions re-
present different IgG isotypes, allotypes, and glycoforms as well as IgG 
with different CDRH3 lengths (Raju et al., 2000; Zhao et al., 2006;  
Haakenson et al., 2018). The difference in these IgG subfractions be-
tween CIC and serum was not detected by the SDS-PAGE. Nevertheless, 
the results of native PAGE revealed a selective precipitation of some 
molecular forms of CIC IgG; this selectivity was not as pronounced as it 
was in the case of rivanol soluble serum IgG (Supplementary material, 
Fig. S2). This is consistent with our previous results that all molecular 
forms of IgG from three months old serum calves have the ability to 
form CIC (Fratrić et al., 2010). Using the same electrophoresis, we have 
showed that immune complexes contain more cathodic γ globulin than 
serum. Although IgG2 are mostly cathodic and IgG1 mostly anodic 
forms of bovine IgG (Butler, 1983), at this moment we do not know if 
the proportion of IgG isotypes in CIC and serum differ from each other. 
In our previous study the CIC IgG molecules are isolated using 
protein G affinity chromatography and showed that IgG coprecipitates 
with other proteins (Fratrić et al., 2012). In this study we isolated serum 
and CIC IgG using both protein A and Protein G sorbents. Protein G 
binds both subclasses (IgG1 and IgG2) of bovine IgG with high affinity 
(Akerström et al., 1985). Protein A binds IgG2 with high affinity, but it 
has been evidenced also that protein A binds certain molecular forms of 
IgG1 (Schmerr et al., 1985). Since there is limited selectivity of protein 
A toward bovine IgG isotypes, in SDS-PAGE under reducing conditions 
both γ1 (60 kDa) and γ2 (50 kDa) heavy chains, isolated on protein A, 
were detected in serum and CIC IgG. γ1 chain was more expressed in 
CIC of diseased calves. This might be a result of an increased con-
centration of anodic gamma globulin (predominately IgG1; Butler, 
1983) in blood serum of diseased calves (Kovačić et al., 2017). 
We have showed that proteins of 80 and 75 kDa, that coprecipitate 
with IgG, are found in CIC but not in serum isolates. Using the nano- 
liquid chromatography-tandem mass spectrometry (nano-LC-MS/MS) 
immune complex proteins of healthy people (complement proteins, 
apolipoproteins, coagulation proteins, etc.) and disease-specific or dis-
ease-associated alterations of immune complex protein composition in 
the patients with autoimmune diseases, cancers, infections and trans-
plant rejection (rev. in Ohyama and Kuroda, 2013 and Aibara and 
Ohyama, 2020) were identified. However, one step PEG precipitation 
used in this study for calf CIC isolation and analysis performed by 
standard gel electrophoreses could not determine if these proteins are of 
P. multocida origin, or calf serum proteins, or if they represent non- 
specific bound proteins. 
Non-reducing SDS-PAGE showed that diseased calf serum and CIC 
proteins, isolated on protein G and A, contain an increased level of free 
IgG heavy chain. We are contemplating that this could be a result of 
increased degradation of IgG by P. multocida secreted proteases 
(Pouedras et al., 1992; Fernández-Rojas et al., 2014) or locally or sys-
temically secreted endogenous proteases (Hanthorn et al., 2014). Ex-
tracellular proteases of P. multocida are known to degrade IgG and IgA 
but not IgM (Pouedras et al., 1992). Lee and Shewen (1996) have 
shown that M. haemolitica, serotype A1, secretes proteases that com-
pletely hydrolyse IgG1, but do not break down IgM and IgA and they 
hydrolyse IgG2 partially. Selective degradation of IgG2, by proteases 
synthesized by agents of bronchopneumonia, has not been described to 
date but would be of relevance for virulence as it would lead to elim-
ination of protective IgG2. IgG2 has a shorter hinge region (Butler, 
1983) and is therefore considered less sensitive to proteolytic de-
gradation. However, P. multocida proteases, unlike other bacterial 
proteases, have been shown to hydrolyse human IgG and IgA outside 
the hinge region (Pouedras et al., 1992), and this also might be the case 
with bovine IgG. 
It is known that immune complexes containing lipids and lipopro-
teins might be potent immunomodulators (Rhoads et al., 2017; Virella 
et al., 2018; Wang et al., 2018). Moreover, the lipid components of the 
immune complexes in calf bronchopneumonia have not been studied to 
date. In our current study we have showed that electrophoretic mobility 
of CIC lipoproteins (pre- to post-β) becomes focused in a narrow zone as 
compared to serum lipoproteins. The electrophoretic mobility of CIC 
lipoproteins corresponds to some degree to electrophoretic mobility of 
LDL-lipoproteins (β lipoproteins), whose presence in CIC is detected in 
inflammatory diseases in humans (Lopes-Virella et al., 2019; Ye et al., 
2019). Back in 1983 Vitić, 1983 reported that bovine serum IgG co-
precipitate lipoproteins with post-β electrophoretic mobility. The same 
author reported that sheep and horse immunisation might induce dys-
lipidaemias resulting from the formation of lipid and immunoglobulin 
complexes. 
In current study we have found that more than 80% of CIC lipids 
were phospholipids, and that the percentage of phospholipid fatty acids 
in CIC differs from that of serum. The mechanisms by which lipids 
regulate the immune response are partially known. Polyunsaturated 
fatty acids, especially those in the n-3 series, have been shown to have 
great immunomodulatory potential and act as regulators of in-
flammatory processes. Polyunsaturated n-3 fatty acids inhibit the bio-
synthesis of lipid mediators, eicosanoids and the synthesis of their 
precursor, arachidonic acid. The results presented in this study show 
the higher level of arachidonic acid in the serum of diseased animals. 
Following injury, free arachidonic acids are released from membrane 
phospholipids and the lung is an important organ in the arachidonate 
cascade, predominately responsible for the production of proin-
flammatory eicosanoids (Mateos et al., 2016). Additionally, we have 
detected increased concentration of oleic, palmitic and stearic acid in 
the serum of diseased calves. Increased level of arachidonic acid was 
detected in plasma of calves after experimental coinfection with bovine 
herpes virus type I and M. haemolitica (Emau et al., 1987a). Emau et al. 
(1987b) observed a long-term increase in oleic and palmitic acid and a 
temporary increase in stearic acid in calves infected with M. haemolitica 
LPS through the intravenous route of administration. Whether the high 
content of oleic acid (> 60%) in CIC, observed in current study, is a 
transient phenomenon remains to be determined. 
It is a fact generally acknowledged, that immune complexes con-
taining oxidized lipids exert immunomodulatory effect (Rhoads et al., 
2017; Virella et al., 2018). Given that oxidized lipids have been found 
in CIC related to human inflammatory diseases (Rhoads et al., 2017), 
we analysed the lipid peroxidation level in CIC and serum of calves with 
bronchopneumonia. Although a recent study has shown an increase in 
erythrocyte lipid peroxidation level in bovine respiratory diseases 
(Joshi et al., 2018), in our study we did not find such increase in either 
serum or CIC. Whether no rise in lipid hydroperoxides level in CIC of 
diseased animals represents an adaptive anti-inflammatory mechanism 
for host protection or just reflects individual differences in lipid hy-
droperoxides level in naturally-acquired infection, the latter one being 
more likely, remains to be explained. 
A factor, which might serve as a marker for CIC-dependent reac-
tions, is the size of immune complexes (Rojko et al., 2014). Back in 
1983 Poulton et al., showed that PEG precipitable CIC are relatively 
unstable high molecular weight immune complexes (19S, > 400 kDa) 
comprised of several particles (i.e. immunoglobulin aggregates) of dif-
ferent size. The particle size of CIC in calves, under physiological or 
pathological conditions, has not been analysed so far. In this study we 
have analysed their particle size distribution by DSC, widely employed 
in analysis of protein aggregation (den Engelsman et al., 2011) and in 
research of immune complexes (Stieh et al., 2014; Hörl et al., 2016;  
Starshinova et al., 2018). Our results showed that CIC particles of dis-
eased calves were approximately two- (1281 nm vs 615 nm) to six-fold 
(1281 nm vs 220 nm) larger than CIC particles of healthy calves. Fur-
ther, only in CIC of healthy calves we have detected particles with a 
diameter of native bovine IgG. This “native” bovine IgG might be 
formed by dissociation of relatively unstable CIC of healthy calves. 
Although the documented zeta potential values for CIC from both 
healthy and diseased calves are regarded as unstable colloid particles 
(zeta potential <  ± 40 mV), there is still a significant increase (pCICD – 
M. Kovačić, et al.   Research in Veterinary Science 133 (2020) 63–74
72
12.1 mV vs pCICH - 11.4 mV) in zeta potential, i.e. increased colloidal 
stability, in CIC of calves with bronchopneumonia as compared to 
healthy calves (O'Brien, 1990, Lu et al., 2012). The aggregability of 
human IgG Fc fragment in acidic conditions is dependent on their 
subclasses (IgG2 is less stable than IgG1) and CH2 glycans (Latypov 
et al., 2012). Data on aggregability of bovine IgG subclasses do not 
exist. We can only speculate that changes in proportion of IgG sub-
classes in CIC (Fig. 3 C2) or changes in the degree of IgG glycosylation 
(Fratrić et al., 2012) might result in particle size increase in the CIC of 
diseased calves. Bovine polyclonal IgG aggregability is highly sensitive 
to protein concentration, ionic strength, and salt type in buffer solution 
(Grimaldo et al., 2014, Da Vela et al., 2017). The buffers and PEG re-
agent used in our study had been of the same quality throughout the 
study, thence their interference with IgG aggregation and their possible 
influence on CIC particle size was not expected. 
In humans, large CIC containing IgG (19S) were detected in patients 
with nonbacteraemic pneumococcal pneumonia, whereas in bacteremic 
patients smaller CIC (9S and 14S) were found (Mellencamp et al., 
1987). In mycoplasma pneumonia an exacerbation of disease was ob-
served concomitant with an increase in IgG containing CIC, while the 
occurrence of IgG-IgM-RF complexes in the bloodstream is associated 
with its recovery (Mizutani and Mizutani, 1986). These results showed 
that in human pneumococcal pneumonia, the larger CIC might have a 
protective role. This is consistent with the findings that moderate to 
smaller in size CICs that persist in the systemic circulation trigger 
proinflammatory responses through interaction with Fcγ receptors ex-
pressed on neutrophils and MNC (Krishna and Nadler, 2016). The im-
portance, in the sense of protective immune response, of simultaneously 
present particles of different size, including larger particles in CIC, re-
mains obscure. 
To observe whether the differences in structure of CIC from healthy 
and diseased calves determine their function, we have assessed their 
effect on apoptosis of healthy calves' peripheral blood MNC and gran-
ulocytes, and their effect on cell cycle progression of MNC of healthy 
calves. 
Although granulocytes also reside in peripheral tissues, granulo-
cytes isolated from peripheral blood are a representative sample of total 
granulocytes. Namely, granulocytes present in the vasculature are di-
vided between a free-flowing intravascular blood pool and a blood pool 
residing in certain tissues (marginated pool). These marginated and 
free-flowing granulocyte are in complete equilibrium and, therefore 
granulocytes from either pool are indistinguishable (Hidalgo et al., 
2019). Due to much easier availability/accessibility of peripheral blood 
granulocytes they can be used not only as a diagnostic tool but also as a 
tool for in vivo and in in vitro studies of granulocyte function. Per-
ipheral blood granulocytes showed reduced apoptosis with CIC of both 
groups of calves following 24 h of culture, while CIC of diseased ani-
mals showed anti-apoptotic effect after 48 h. The removal and clearance 
of granulocytes from the site of inflammation, by apoptosis, is a process 
that takes place in resolution of inflammation. However, the apoptotic 
effect of immune complexes exerted on granulocytes depends on their 
structure: precipitating immune complexes stimulate apoptosis of 
granulocytes, whereas soluble immune complexes postpone the apop-
tosis (Vermeren et al., 2018). Anti-apoptotic effect of CIC of diseased 
calves demonstrated only in 48 h culture might indicate the need for 
CIC to extend the life span of granulocytes in order to eliminate the 
invading bacterium. 
Our results show that CIC of both groups of calves, with a slight 
difference in intensity, stimulate MNC apoptosis, and promote cell cycle 
arrest of unstimulated MNC, and cell cycle progression of PHA stimu-
lated MNC. In current study as well as in our previous study (Buač et al., 
2016) somewhat different response of bovine leukocytes to CIC sti-
mulation was obtained. However, data from these studies undoubtedly 
show that CIC (individual or pooled) from both healthy and diseased 
calves exert the capacity to modulate the activity of their quiescent 
leukocytes. 
5. Conclusion 
CIC of both healthy calves and calves with bronchopneumonia 
isolated by PEG precipitation contain proteins that differ from proteins 
of corresponding serum. CIC containing IgG show cathodic IgG fraction 
that is more pronounced than corresponding serum IgG fraction. IgG 
from both CIC types coprecipitated several proteins, but only two (75 
and 80 kDa) proteins bind exclusively to CIC IgG, but not to serum IgG. 
60 and 65 kDa proteins co-precipitated with CIC IgG of healthy calves, 
but not of diseased ones. The lipid classes distribution differs in CIC vs 
serum of both healthy and diseased calves. The predominant lipids in 
CIC are phospholipids rich in oleic acid. With methods applied the 
quantitative differences in lipid content of CIC of healthy and diseased 
calves are detected. CIC of diseased calves contain larger particles than 
CIC of healthy ones. CIC of both groups, with a slight difference in 
intensity, modulate apoptosis of MNC and granulocytes of healthy 
calves by either stimulating or inhibiting it, as well as they exert their 
effect on cell cycle of MNC. 
According to our knowledge this is the first study to offer a detailed 
description of the structural characteristics of CIC in calf bronch-
opneumonia. Although additional research is required to better explain 
the structural characteristics and biological significance of circulating 
immune complexes, we believe that reports on the analysis of compiled 
data on CIC protein and lipid constituents can be of use to follow up the 
immune response in pneumonia due to infection or after vaccination. 
The results of this study are in line with our previous study (Buač et al., 
2016) showing that CIC are able to activate quiescent calf's leukocytes, 
suggesting their possible use for passive immunity protection. 
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